Convection strongly influences the distribution of atmospheric trace gases.
Introduction
Convective transport profoundly affects both the vertical and horizontal distributions of trace gases in the atmosphere. Updrafts associated with convective clouds can rapidly transport species from the boundary layer to the middle and upper troposphere where atmospheric residence times are increased and horizontal winds are stronger. As a result, trace gases may be transported greater distances from source regions than if they remained in the boundary layer (e.g. Dickerson et al., 1987; Pickering et al., 1996; Bey et al., 2001) . showed that mixing across the tropopause resulting from strong convective events alters the composition of both the upper troposphere and lower stratosphere. In order for global models of the atmosphere to realistically simulate trace gas distributions, convective processes must be adequately represented. General circulation models (GCMs) and global chemistry-transport models (CTMs) use convective mass fluxes calculated by convective parameterizations to transport trace gases, but the results can be difficult to evaluate due to a lack of information about the chemical environment within clouds. Satellite observations are often limited by resolution as well as an inability to see through clouds. Aircraft observations obtained during field projects provide valuable information on the vertical distribution of trace gases in convective clouds but are difficult to relate to global models due to differences in scale.
Cloud-resolving models (CRMs) have the potential to bridge the gap between aircraft measurements, which are taken with a high temporal (~1 s) and spatial resolution (~100 m), and global model grid cells, which may be hundreds of kilometers wide.
Interpreting aircraft observations taken in the vicinity of convective clouds requires an understanding of when and where in relation to the storm the observations were taken.
In-and out-of-cloud observations may represent significantly different chemical environments due to convective updrafts, wet scavenging, and cloud-enhanced photolysis rates (Madronich, 1987) . Even at a constant altitude within a convective cloud, aircraft observations of trace gas mixing ratios may exhibit large variations depending on the region of the cloud sampled. Observations of gases emitted near the surface are typically greatest in the updraft core region where the least mixing with environmental air has occurred while observations taken in the storm anvil represent air parcels which have experienced a greater degree of dilution. This spatial distribution is evident in CRM studies of convective transport by Ott et al. [2007] and Barth et al. [2007a] . Transport calculated by CRMs can be validated by comparing in-cloud chemical measurements with model output sampled in regions of the domain which best represent the time and location of observation. For example, in a CRM intercomparison study by Barth et al. [2007b] , two constant altitude anvil transects were used to compare observations with model results while DeCaria et al. [2005] sampled model output within a 160 km 2 region downwind of the storm core for comparison with data collected during a spiraling aircraft ascent through the anvil. In addition to providing detailed information about trace gas distributions in regions which were sampled, CRMs also provide information on regions which were not sampled or in which observations may be sparse. Unlike CRMs, a GCM employing a parameterized representation of convection is not capable of providing separate profiles of in-and out-of-cloud trace gas mixing ratios or information on subgrid scale variability which makes direct comparison with aircraft observations difficult. Folkins et al. [2006] noted that the disparity in mass flux profiles produced by different parameterizations shows the need for additional observational constraints and used tropical climatologies of water vapor and trace gases compiled from satellite, aircraft, and balloon-based observations to evaluate convective outflow characteristics produced by several parameterizations. The meteorological and thermodynamic properties of convection in GCMs have been studied by comparing CRM simulations with results from a single column model (SCM) version of a parent GCM (e.g. Bechtold et al., 2000; Ryan et al., 2000; Luo et al., 2006) . This paper extends that technique to evaluate trace gas distributions simulated with an SCM against those simulated for three storms using a CRM. The high resolution of the CRM simulations allows the results to be compared with radar observations and in-cloud chemical measurements from aircraft to ensure that both the dynamic and chemical environment of the CRM simulated storms is reasonable (Ott et al., 2007) . CRM output is averaged over an area comparable to a global model grid cell and compared with SCM results to evaluate the representation of convection in the SCM.
In addition to comparisons of trace gas distributions computed by CRMs and a SCM, the issue of parameter sensitivity in the SCM's moist physics is examined. The SCM evaluated here is from a version of the Goddard Earth Observing System, Version 5 (GEOS-5) GCM, which includes the relaxed Arakawa-Schubert (RAS) convection code (Moorthi and Suarez, 1992) with microphysics. Bacmeister et al. [2006] showed the importance of parameter settings in this module in determining precipitation patterns in a GCM. The impact on trace gas profiles has not previously been examined. The goal of these parameter sensitivity studies is to identify the most important parameters in controlling convective transport of trace gases. An ensemble of 3D simulations with perturbations to these parameters will be constructed in order to represent the uncertainty in trace gas distributions introduced by uncertainties in convective schemes.
Section 2 of this paper provides background on the models used in these studies.
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In section 3, the CRM and SCM simulations of three thunderstorms observed during different field projects are described. Section 4 contains the method and results of a parameter sensitivity analysis and section 5 presents a summary and conclusions which may be drawn from this work.
Models

Cloud-resolving models
Two thunderstorms were simulated using the 3D Goddard Cumulus Ensemble Model (GCE) (Tao and Simpson, 1993; Tao et al., 2003a) and a third with the NASA Temperature, density, wind, hydrometeor (rain, snow, graupel, cloud water, and cloud ice), and diffusion coefficient fields from the cloud model simulation are read into the CSCTM every five or ten minutes in the simulation, and these fields are then interpolated to the model time step of 15 seconds. The transport of chemical tracers is calculated using a van Leer advection scheme.
GEOS-5 SCM
The GEOS-5 AGCM is a central component of the GEOS-5 atmospheric data assimilation system [Rienecker et al., 2007] , where it is used for meteorological analysis and forecasting [Zhu and Gelaro, 2007] . It is also being adapted as a tool for studying composition and climate, for which an understanding of transport is required. The moist processes in GEOS-5 include a convective parameterization and prognostic cloud scheme 7 which are fully detailed in Bacmeister [2005] . Convection is parameterized using the relaxed Arakawa-Schubert (RAS) scheme of Moorthi and Suarez [1992] , a modified version of the Arakawa-Schubert scheme [Arakawa and Schubert, 1974] , in which the atmosphere is relaxed towards equilibrium. RAS represents convection as a sequence of linearly entraining plumes whose bases are defined as the lifting condensation level but which detrain at different levels. All levels between the cloud base and 100 hPa are tested for the possibility of convection. The cloud-base mass flux is calculated for each plume using a convective available potential energy based closure. On the basis of the cloud-base mass flux, the environmental temperature and moisture profiles are modified by each plume with the subsequent plumes receiving the modified sounding to represent the interaction between clouds of different heights which might coexist within the area covered by a typical GCM grid cell.
RAS calculates profiles of convective ice and liquid condensate within supersaturated plumes by reducing humidity by the amount necessary to achieve saturation. The prognostic cloud scheme contained in GEOS-5 calculates large-scale ice and liquid condensate by assuming a probability distribution function (pdf) of total water.
Condensate is removed from the domain by evaporation, auto-conversion of liquid condensate, sedimentation of frozen condensate, and accretion of condensate by falling precipitation. The moist physics scheme recognizes three distinct types of precipitation or "showers" -that contained within convective updrafts, that originating from convective anvil clouds, and that originating from non-convective large-scale clouds.
Due to the complicated subgrid geometry of convective clouds, the evolution of precipitation in these settings is difficult to parameterize in a GCM. In an effort to capture this complexity we have introduced several "tunable" parameters to the rain re-8 evaporation scheme in the model. CNV_ENVF specifies a fraction of convective precipitation that is assumed to fall through the environment and may thus be exposed to re-evaporation in unsaturated environmental air. The area parameters CNV_BETA and ANV_BETA relate a diagnosed updraft or cloud areal fraction to an areal fraction of precipitation. This controls the diagnosed intensity of precipitation and, thereby, microphysical parameters derived from the Mashall-Palmer size distribution. Finally, an ad hoc, bulk scaling -BASE_REVAP_FAC -with a value from 0 to 1, is applied to the estimated re-evaporation.
The GEOS-5 SCM includes the same physical parameterizations and treatment of moist processes as the 3D AGCM. In these studies, the convective transport of tracer species was calculated online. Tracer profiles are successively modified by convective plumes within the RAS scheme in the same way as temperature and moisture. Turbulent mixing in the boundary layer is computed using the Lock et al. [2000] scheme in unstable conditions or when a cloud-topped boundary layer exists. In other conditions, the firstorder scheme of Louis [1979] is applied.
SCM simulations of storms were initialized with profiles of temperature, wind, and moisture. To ensure consistency with the CRM simulated meteorology, these profiles were calculated by averaging CRM output over a 150 km by 150 km region of the domain in which convection occurred. Profiles of horizontal and vertical advective tendencies of temperature, moisture, and tracer mixing ratios were also computed from CRM output following the method of Waliser et al. [2002] and used to force the SCM.
Vertical advective tendencies, which represent the impact of large-scale vertical motion on the SCM domain, were computed by subtracting a quantity representing the contribution of small scale vertical motions, such as those found in convective regions, from an area-mean quantity (Waliser et al., 2002) . The horizontal resolution of the SCM is dictated by the area over which initial and forcing conditions were computed which, in this study, is 150 km by 150 km. There are 40 vertical levels including 8 below 850 hPa.
All storms were simulated with a time step of 30 minutes.
3.
Case studies 3.1. The July 21 EULINOX storms
The EULINOX field campaign [Höller and Schumann, 2000; Huntrieser et al., 2002] after an initial period of intensification, the storm split into two distinct cells observed on radar at 1652 UTC. The northernmost cell became multicellular in structure and was observed to decay soon after the cell-splitting event, while the southern cell intensified.
The GCE and CSCTM simulations of the July 21 EULINOX storm are fully described in Ott et al. [2007] . The 3-hour GCE simulation was successful in reproducing a number of observed storm features including the cell-splitting event. Simulated cloud top heights were typically 14 km, which compared favorably with observations ] and a MM5 simulation of the same storm presented by Fehr et al. [2004] . The GCE simulation was also able to reasonably reproduce vertical velocities calculated from an analysis of dual-Doppler radar observations of the southern storm. An initial condition profile of CO 2 was constructed using data from the Falcon ascent and a value of 355 ppbv above the tropopause from Strahan et al. [1998] . A comparison of simulated and observed in-cloud CO 2 and O 3 mixing ratios showed that the model was able to reasonably represent convective transport of tracer species. Xu [1995] used the horizontal distributions of maximum cloud draft strength below the melting level and precipitation rate as criteria to partition a CRM domain into convective, stratiform, and cloud-free regions. Updraft convective mass flux was calculated by considering upward vertical motion in convective grid cells classified as saturated by the sum of cloud ice and water mixing ratios. The methods of Xu [1995] were used to define convective regions in the CRM domain and to calculate the updraft convective mass flux in all three CRM simulations. The SCM was run for three hours using initial condition and advective tendency profiles derived from the CRM output.
Convective mass flux was averaged over 150 minutes of the SCM and CRM simulations, neglecting the first 30 minutes, which are considered to be spin-up. A comparison of the time averaged updraft convective mass fluxes ( Fig. 1a) shows that the SCM generates considerably less than the CRM. Convection is shallower in the SCM than in the CRM with convection in the SCM extending only to the tropopause height.
Out-of-cloud aircraft observations were used to estimate the state of the atmosphere prior to convection, while in-cloud observations were used to ensure that the CRM simulation reasonably represented convective transport. Due to differences in scale, these observations are not intended for direct comparison with the model profiles but are presented in Figure 1b in order to provide information about the conditions used to construct the initial CO 2 profile and evaluate the CRM performance. Averaging CRM results over a 150 km by 150 km area yields a CO 2 profile verified with available observations which is directly comparable to the SCM results.
The initial condition profile of CO 2 (Figure 1b ) shows the maximum CO 2 mixing ratios near the top of the boundary layer with lower mixing ratios below. Pollution from nearby Munich is likely responsible for enhancing CO 2 mixing ratios throughout the boundary layer while photosynthesis results in some CO 2 depletion near the surface.
Despite a significant difference in CO 2 mixing ratios in the boundary layer (from 367 to 372 ppmv) and the free troposphere (from 363 to 365 ppmv), profiles of CO 2 mixing ratios calculated by both the CRM and SCM at the end of the 3-hour simulations show little change from the initial condition profile (Figure 1b ). In the SCM, the lack of noticeable change in the CO 2 profile following convection is due to the relatively weak convective mass flux, though most of the air is being entrained into the storm near the altitude of peak CO 2 mixing ratios. In contrast, because the CRM entrains mass over a deeper layer from 1 to 3 km, much of the air entering the storm has lower mixing ratios reflecting the conditions above 1.5 km. When averaged over a large area of the CRM domain, little increase in upper tropospheric mixing ratios is seen even though a wide range of mixing ratios are present in the 150 km by 150 km area.
3.2
The July 10 STERAO storm The July 10 STERAO storm has been the subject of several modeling studies [e.g. Skamarock et al. 2000; Barth et al. 2007a ] and also serves as the basis of a cloudscale model intercomparison by Barth et al. [2007b] . The storm was simulated by eight different CRMs, including the GCE and CSCTM, using identical initial conditions and the results compared with radar and in-cloud aircraft observations. The intercomparison found that the GCE, along with the other models, reasonably simulated the major storm features including the peak updraft velocities and storm structure. A comparison of aircraft observations from two cross-anvil transects and simulated CO and O 3 mixing ratios showed that the CSCTM driven by GCE output was able to reproduce the range of observations taken in the anvil region.
As in the July 21 EULINOX storm, the 3-hour SCM simulation of the July 10 STERAO storm produced significantly less convective mass flux (Figure 2a ). The entrainment of air into the storm occurred in a shallower layer than in the CRM simulation and detrainment in the SCM convection occurred lower than in the CRM. The average CO profile calculated from CRM output at the end of the simulation shows a 13 maximum enhancement of approximately 20 ppbv in CO mixing ratios in the upper troposphere following convection (Figure 2b ) while the SCM profile shows a smaller increase at these altitudes. An SCM simulation which omitted advective tendencies suggests that most of the increase in CO above 11 km is due to horizontal advection.
The July 3 CRYSTAL-FACE storm
The CRYSTAL-FACE (Ridley et al., 2004; Lopez et al., 2006) The size of the simulated convective system compares well with the observations at 1930 UTC (Figure 3) , though the simulated system is located slightly north of the observed system. Cross sections through the southern portion of the simulated storm at 2240 UTC shows that precipitation top heights were 14 km, which is slightly higher than the observed precipitation top height of 13.5 between 1939 and 1945 UTC.
The period of greatest relevance in the observed storm is from 1600 to 2000 UTC, when cells developing across the Florida peninsula were sampled by the WB57 aircraft.
In the MM5 simulation, convection begins at 1800 and is located along the east coast at 2300 UTC. As a result, tracer transport was calculated using the MM5 fields from this time interval. Initial condition profiles of CO and CO 2 were constructed using data from the ascent and descent of the WB57 and portions of the flight in clear air. Because WB57 observations of CO were not available below 6.5 km and Twin Otter CO measurements were not available on July 3, both the mean CRYSTAL-FACE CO profile compiled using Twin Otter and WB57 data, and output from a global CTM were used to produce the initial condition profile of CO.
In-cloud aircraft observations taken from 1843 to 1853 at approximately 13 km elevation were used to evaluate the performance of convective transport in the simulation. Observations were averaged over 14-sec intervals to reproduce the 2-km spatial resolution of the model. Simulated CO and CO 2 mixing ratios were sampled at 13 km in the region of the storm with computed radar reflectivity between 0 and 30 dBZ because flights during CRYSTAL-FACE typically sampled only the lower reflectivity anvil region. Model results from 2100 UTC were used because the simulated storms began 2 hours later than observed. Probability distribution functions (pdfs) were calculated for both simulated and observed CO and CO 2 mixing ratios and are shown in Figure 5 . The pdfs of simulated and observed CO 2 show a small overestimation of the maximum observed values by the model, suggesting that simulated upward transport may be slightly stronger than transport in the observed storm. However, this conclusion is not supported by an analysis of the CO pdfs which suggest that the CRM is underestimating convective transport. This contrast is likely due to the lack of CO observations available below 6.5 km, leading to inadequately defined vertical gradients in this region in the initial condition profile. Because CO 2 observations were available from the surface to the tropopause to guide the construction of the initial CO 2 profile, the CO 2 pdfs represent a better indicator of the success of the simulated convective transport.
The SCM was run for 5 hours with initial conditions and forcing derived from the Apparent differences in the simulated trace gas profiles and observations may be the result of these spatial and temporal differences. Loewenstein et al. [2003] found that the high CO mixing ratios observed at approximately 7 and 11 km on July 3 may have resulted from biomass burning or convective outflow from a previous storm. Elevated CO 2 mixing ratios at these levels likely have a similar origin. Because observations at these altitudes occurred only during the aircraft's ascent and descent out of Key West, it
was not possible to determine if these values represented conditions over the Florida peninsula where convection developed or a more localized plume. As a result, these values were not used in constructing initial condition profiles and are not expected to be reproduced by either the SCM or CRM simulations. Significantly weaker convective mass flux in the SCM simulation resulted in little convective transport of CO and CO 2 .
Peaks seen in the SCM profiles of these species at 12 km are largely the result of the advective tendencies which were derived from the CRM simulation.
Parameter Sensitivity
Comparisons of convective mass flux from the simulations of three storms showed that the convective mass flux produced by the SCM was substantially weaker than that from the CRMs. This results in less upward transport of trace gases from the boundary layer and can significantly affect mixing ratios in the mid and upper troposphere. To investigate the sensitivity of convective transport in the SCM to the values of parameters contained in the moist physics schemes, regional sensitivity analysis (RSA; Hornberger and Spear, 1981) was used. The implementation of this method follows closely that of Liu et al. [2004] who used a multiple criteria extension to RSA developed by Bastidas et al. [1999] to investigate parameter sensitivity in a coupled landatmosphere model. [1999] and Liu et al. [2004] , an arbitrary rank threshold is used to partition samples into behavioral and non-behavioral classes. Cumulative parameter distributions are computed for both classes and the Kolmogorov-Smirnov (K-S) test is used to determine if these distributions are statistically different. If so, a parameter would be considered to be sensitive. As in Liu et al. [2004] , the K-S test is repeated using 200 bootstrapped samples and the K-S test statistic used to indicate sensitivity is the median of the values obtained.
The procedure is repeated with successively larger sample sizes until the number of 19 sensitive parameters stabilizes.
The lower the value of the K-S probability for a parameter, the higher the sensitivity. Liu et al. [2004] considered all parameters with a K-S probability less than 0.01 to be highly sensitive and all parameters with a probability greater than 0.05 to be insensitive. Parameters with probabilities between 0.01 and 0.05 were deemed somewhat sensitive for the purpose of identifying parameters to be included in calibration studies.
In this study, we consider only parameters with a K-S probability less than 0.01 to be sensitive. This criterion provided the greatest stability and was sufficient for the purposes of identifying the most important parameters with respect to convective transport.
To To further explore the impact of parameter settings on convection, vertical trace gas and convective mass flux profiles were averaged for all simulations in the behavioral class. In the July 21 EULINOX storm, the behavioral profile of time averaged convective mass flux shows more entrainment than the CRM profile below 4 km ( Figure   8a ). As in the control SCM run, the majority of air is entrained into the storm from a shallow layer approximately 1 km above the ground. The behavioral mass flux profile shows detrainment occurring from 4 to 10.5 km while the CRM profile decreases slightly from 4 to 8.5 km, and then more rapidly above 8.5 km. The largest difference between the behavioral and CRM CO 2 profiles is seen in the 1 to 2.5 km region where CO 2 is depleted in the behavioral simulations due to the stronger SCM mass flux (Figure 8b ).
CO 2 mixing ratios are slightly larger from 4 to 8 km in the behavioral profile than in the CRM profile because more high CO 2 air is transported upward from the boundary layer and detrained at these levels. In this storm, parameter settings which result in increased convective mass flux do not seem to improve the comparison between the CRM and SCM CO 2 profiles. This arises from the difference in entrainment and detrainment levels in the CRM and SCM simulations.
The mean behavioral profile of time averaged mass flux for the July 10 STERAO storm (Figure 9a ) is similar in shape to that of the July 21 EULINOX storm. Entrainment in the behavioral profile is greater than in the CRM simulation below 4 km. Detrainment begins at approximately 4 km in the behavioral SCM profile and occurs more rapidly near the top of the cloud, from 8 to 11 km. In contrast, the CRM simulation continues to entrain air into the storm up to 6.5 km and then detrains air up to 14 km. In the CO profiles (Figure 9b) , the greater degree of low level entrainment in the behavioral 22 simulations results in an underestimation of the CRM CO mixing ratios from 1 to 4 km.
Nearly constant CO mixing ratios from 3.5 to 4.5 km in the behavioral profile mark the transition from entrainment to detrainment as seen in the mass flux profile. A similar feature is not noticeable in the default SCM profile because of the much weaker convective mass flux. From 8 to 9 km, the behavioral simulations slightly overestimate CO mixing ratios with respect to the CRM due to the greater detrainment at these levels in the SCM simulations of the storm. From 9 to 11 km, the behavioral CO profile compares well with the CRM profile because of the increase in convective mass flux resulting from parameter changes. Above 11 km, both the behavioral and control CO profiles underestimate the CRM CO profile due to the shallower cloud produced by the SCM.
The mean behavioral profile of time averaged convective mass flux in the July 3 CRYSTAL-FACE storm shows that the SCM continues to underestimate mass flux relative to the CRM simulation even with altered parameter settings (Figure 10a ).
However, the increase in mass flux resulting from changes in parameter values improves the representation of both CO and CO 2 from 8 to 11.5 km because more air originating at low levels has been transported upwards (Figures 10b and c) . The behavioral CO and CO 2 profiles also compare more favorably with the CRM below 3 km than the SCM control simulation profiles.
Summary and Conclusions
Many evaluations of meteorological aspects of convection parameterizations have been presented in the past, often comparing SCM results with CRM results which are more easily validated against observations and can provide detailed information on cloud processes. This study extends that approach to examine the vertical distributions of trace gases and convective mass flux produced by a SCM during three convective events observed during field projects. Because cloud mass flux, the quantity used by CTMs and GCMs to calculate convective transport, can not be observed, it is necessary to use CRMs as a proxy for observations. A comparison of radar observations and CRM output showed that the simulations were able to reproduce the dynamical evolution and structure of the observed storms. CRMs are also useful as a means of interpreting aircraft observations which represent both in-and out-of-cloud chemical environments that may differ substantially. Comparison of CRM results with in-cloud chemical measurements shows that in all three cases presented, the CSCTM was successful in reasonably representing convectively modified CO and CO 2 distributions.
The GEOS-5 SCM was used to simulate the selected storms using initial condition and forcing profiles of temperature, moisture, and trace gas mixing ratios Pickering et al. [1992] and showed that the altitude of maximum CO mixing ratios in the upper troposphere was 2 km lower in the column model than in the CRM, though no chemical observations were available to verify either simulation.
This work also presents an adaptation of a statistical technique for examining parameter sensitivity from earlier work by Liu et al. [2004] which identified the most significant parameters affecting ground temperature and surface fluxes in a coupled landatmosphere SCM. This is the first study to examine the impact of parameter sensitivity on vertical trace gas distributions. The RSA identified five parameters as sensitive in all three case studies. These parameters affect the relaxation time scale in the RAS convective scheme, the amount of falling precipitation which is re-evaporated into the environment, the auto-conversion of convective condensate, and the critical value of the cloud work function. The results show that alterations to parameter settings can substantially improve the comparison between SCM and CRM convective mass flux with little impact on state variables. Modified parameter settings also improved the comparison between upper tropospheric trace gas mixing ratios in the SCM and CRM simulations of the STERAO and CRYSTAL-FACE storms. However, parameter settings do not significantly affect the depth of convective systems which results in detrainment at lower altitudes in the SCM than in the CRM. In the EULINOX storm, differences in the entrainment and detrainment levels between the CRM and SCM simulations resulted in poorer agreement between the models when the mass flux comparison was improved by modified parameter settings.
Perturbations to parameters which have been shown to exert the greatest control over convective transport will be used to construct an ensemble of global simulations representing the uncertainty introduced into simulated trace gas distributions by convective schemes. Further investigation of the depth of convection in the GCM is also needed. This is especially significant because convective transport strongly influences the composition of the upper troposphere and lower stratosphere. Future GCM studies of long range pollution transport and climate change will be affected by the ability of convective parameterizations to realistically reproduce the depth of observed convection, as well as its intensity and location.
Despite some limitations, this approach offers new possibilities. Meteorological fields are relatively insensitive to many parameters used in the GCM, meaning there is often substantial leeway in setting these values. This study demonstrates that trace gases show sensitivity to convective parameters yielding an additional observational constraint.
Future field and satellite campaigns which gather information on the vertical distributions of trace gases will provide the opportunity to use trace gas observations to further improve the representation of convective processes in global models.
July 21 Simpson and Wiggert (1969) .
